Objective-Previously we found dramatic strain-dependent differences in a low flow model of vascular remodeling.
S ubclinical atherosclerosis is measured by intima-media thickening (IMT) in human carotid arteries, and carotid IMT is associated with increased cardiovascular risk. 1 Mechanisms responsible for formation and progression of carotid IMT are unknown. Importantly, about 40% of the variability in the carotid IMT depends on family history in humans. 2 A quantitative trait locus (QTL) has been identified for internal carotid IMT (LODϭ3.4) on human chromosome (chr) 12. 3 Intima has been proposed to be the "soil" for atherosclerosis, implying an important pathophysiologic role for this tissue. 4 Only one genetic analysis of intima hyperplasia in animals, the aortic response to balloon injury in an intercross between BN and SHR rats, has been published. 5 The authors identified several QTLs with the most significant intima hyperplasia QTL mapping to rat chr3. It is important to note that intima hyperplasia and atherosclerosis may be regulated by distinct genetic mechanisms in individual vascular beds as shown by a recent study in mouse that compared carotid versus aorta. 6 These results suggest that carotid IMT is a complex trait likely determined by multiple environmental and genetic factors. Nonetheless, it has been proposed that insights into mechanisms responsible for human carotid IMT may be identified by genetic studies in animal models of atherosclerosis. 7 Local hemodynamic factors (eg, shear stress) play an important role in carotid IMT. For example, carotid IMT is inversely related to carotid shear stress in healthy subjects:
lower shear stress correlated with greater IMT values. 8 Moreover, lower shear stress also correlated with progression of coronary atherosclerosis. 9 An early study by Lindner's group showed that complete cessation of blood flow in the carotid caused IMT that varied significantly in magnitude among 11 inbred mouse strains. 11 Previously, we found dramatic strain-dependent differences in carotid IMT induced by low blood flow among 5 inbred strains of mice. 10 The largest difference was in SJL/J (SJL) mice compared to C3HeB/FeJ (C3H/F) mice. 12 We found that greater intima formation in SJL was associated with increased vascular inflammation and proliferation compared to C3H/F mice. 12 Most recently we reported that arteries from SJL mice exhibit increased vascular oxidative stress, which may contribute to the basal endothelial dysfunction in this mouse strain. 13 The goal of the present study was to use a genetic cross between C3H/F and SJL mice to map modifier genes that affect intima formation in response to low flow.
Committee. We lost 4 of 142 total N2 because of surgery, similar to our previous reports. 10, 14 
Histology
Tail snips were collected for genotyping 2 weeks after ligation. Instantly all animals were perfusion fixed with 10% paraformaldehyde in sodium phosphate buffer (pH 7.0) as described. 14 Briefly, the left and right common carotid arteries from each mouse were harvested and embedded in paraffin. Cross-sections were stained with hematoxylin and eosin, and were analyzed using MCID image software (MCID Elite 6.0, Imaging Research Inc). Intima area of the ligated carotids from the C3H/FxSJL backcross mice are shown in supplemental Figure I (available online at http://atvb.ahajournals.org). Our findings demonstrate that variation of the intima areas are similar to that reported previously. 10, 14 We calculated volumes of each vessel compartment by using division numbers 2 to 9 from 10 initial divisions. We were successful in histological techniques (only 4/138 N2 samples were unusable). There were no differences in intima or intima/media ratio between males and females in all strains studied as we reported previously. 10, 14 
Genotyping
All progeny from the N2 (F1xSJL) were screened using 80 microsatellite markers (ABI) spaced at approximately 18-cM intervals through the 20 mouse autosomes (http://www.cidr.jhmi.edu). DNA was visualized by fluorescent labeling using ABI Prism 377 sequencer (Applied Biosystems). Data were collected with GeneMapper software to determine genotypes.
Linkage Analysis
MapManager QTX20b was used for linkage analyses. To establish the whole genome linkage thresholds, permutation tests 15 were run on our data at 1 cM intervals for 10 000 permutations. Suggestive (Pϭ0.67), significant (Pϭ0.05), and highly significant (Pϭ0.001) levels were established as suggested. 16 
In Silico Haplotype Analysis
We evaluated the intima modifier QTLs in genomic regions that differ among 5 inbred strains (C3H/HeJ, C57Bl6/J, DBA/2J, FVB/ NJ, SJL) that have been studied by our group. 10 Haplotype maps of 30-Mb intervals on Chr2 and Chr11 were predicted using Perlegen Mouse SNP Browser (http://mouse.perlegen.com). Physical location of the genes is based on NCBI mouse build 37.1 (http://www.ncbi. nlm.nih.gov). Confirmation of the haplotype analysis was performed by evaluating the 40-Mb intervals on Chr2 and Chr11 of SNPs that differed between C3H/F and SJL mice obtained from Mouse Phenome Database located on The Jackson Laboratory web-site (http://www.jax.org).
Statistical Analysis
Results are reported as meanϮSEM. Statistical tests were done with JMP for MacIntosh. Comparison for 2 groups was performed using Student t test. Differences between 3 or more groups were analyzed by means of a repeated-measures 1-way ANOVA. The level of PϽ0.05 was regarded as significant.
Results
The greatest differences in intima formation (Ϸ30-fold) were found comparing SJL (highest) to C3H/F (lowest) among inbred mouse strains. 10, 12 Here we observed that both intima and intima/media ratio were significantly greater in SJL mice compared to C3H/F, F1s, and N2s ( Figure 1 ). This result (especially the F1 value, which was not significantly different from C3H/F) suggests that variations in intima and intima/ media ratio traits exhibited a dominance of recessive alleles in the C3H/FxSJL backcross ( Figure 1A and 1B). After genotyping 134 N2 progeny we identified 2 highly significant QTLs on chr2 and chr11 that showed linkage to intima with LOD scores of 6.4 and 5.3, respectively ( Figure 2A ). There was 1 significant QTL on chr18 (LODϭ2.9; PϽ0.05) and 2 suggestive QTLs located on chr7 and chr17, respectively ( Figure 2A ). Details on the significant and suggestive intima QTLs are listed in the Table. Interestingly, the most significant QTLs identified for intima trait colocalized with QTLs that control the intima/media ratio trait in the C3H/FxSJL backcross ( Figure 2B ). Intima/media ratio exhibited slightly higher LOD scores compared to the intima QTLs (Table) .
Interval mapping identified Im1 (intima modifier 1) locus on chr2 with highest LOD at the marker D2Mit411.1, which we estimate accounts for 20% of intima formation in this cross ( Figure 3A ; Table) . Im2 locus on chr11 peaked at marker D11Mit231.1 and accounts for 17% intima variation ( Figure 3B ). Finally, Im3 locus on the proximal part of chr18 (near D18Mit222.1 marker) accounts for 11% of the trait variation in the C3H/FxSJL backcross ( Figure 3C ). Likewise, we identified Imrm1 (intima/media ratio modifier 1), Imrm2, and Imrm3 loci on chr2, chr11, and chr18, respectively ( Figure 3 ). The contribution of the 3 Imrm loci to the variation in the intima/media ratio trait was similar to that of the Im loci for intima in the C3H/FxSJL backcross (Table) .
To show a relationship between phenotype and genotype, intima and intima/media ratio were evaluated against geno- type at the significant loci. As expected, the N2 mice with a homozygous genotype (SJL/SJL) at the markers D2Mit411.1 and D11Mit231.1 exhibited greater intima and intima/media ratio values compared to heterozygous (C3H/SJL) littermates ( Figure 4A and 4B). However, we found an opposite trend between genotypes at the D18Mit222.1 marker in relation to both traits (not shown).
Previously we reported that maintenance of lumen area correlated best with carotid stenosis (measured by percentage of intimaϩmedia area/external lamina area). 10 To estimate the pathophysiological contribution of the studied traits we plotted intima or intima/media ratio against stenosis in N2 animals. There were significant correlations between intima and stenosis, as well as between intima/media ratio and stenosis ( Figure 4C and 4D ). Taken together, these results suggest that intima and intima/media phenotypes are highly related and driven by the same pathogenetic mechanisms. Moreover, we believe that common genes are located within the QTLs for intima and intima/media ratio traits.
Previously we found dramatic variation in carotid intima formation with higher values in SJL and FVB/NJ mice compared to C3H/HeJ, C57Bl/6J, and DBA/2J mice. 10 Similarly, SJL and FVB/NJ had the greatest intima after cessation of flow in the carotid compared to other mouse strains. 11 We hypothesized that allelic variations at the QTLs identified on chr2 and chr11 occur within haplotype blocks that are shared by SJL and FVB/NJ, but differ from the other strains. Using Perlegen Mouse SNP browser we identified 2 high-priority regions of different haplotype blocks residing in the regions of Im1 and Im2 loci (boxes, Figure 5A and 5B). The yellow blocks show regions where C3H/HeJ shares alleles with C57Bl/6J and DBA/2J (low intima strains), but differs from FVB/NJ and SJL mice (high intima strains). The blue blocks show regions where the SJL allele is uniquely shared with FVB/NJ. Analysis of the 2 high-priority 1.4-Mb haplotype blocks uncovered 40 known or predicted genes, which represent candidate genes for flow-induced intima formation (supplemental Tables I and II) . Because C3H/F, the inbred substrain we used in the cross, is not available on the Perlegen dataset we also obtained informative SNPs within the identified 40-Mb intervals on Chr2 and Chr11 using C3H/F and SJL mice from the Mouse Phenome Database. When we cross-referenced these SNPs with the 40 candidate genes listed in supplemental Tables I and II, we identified 6 genes (Dsn1, Src, Ctnnbl1, 2610036D13Rik, 2610304G08Rik, Spred2), in which SNPs differed between C3H/F and SJL strains. Two important caveats of these analyses are the relatively low density of informative SNPs among the selected inbred strains, and potential differences in the pathophysiology of intima formation between SJL and FVB/NJ mice. 12, 13 
Discussion
The major finding of the present study is identification for the first time of 3 QTLs and associated genetic variation that contribute significantly to intima formation in the mouse carotid in response to low blood flow. Based on our previous studies of intima formation among 5 inbred mouse strains, 10 we hypothesized that a few genes would play major roles in intima formation. Here we discuss several candidate genes that reside within the 3 QTLs based on the following approach. First, by using a traditional genetic approach (C3H/FxSJL backcross) we identified 3 QTLs that linked to intima formation in response to low blood flow. Second, the phenotype-genotype relationship supported our hypothesis that genetic variation in the SJL strain contributes dominant susceptibility alleles to intima formation in this model that may be highly related to arterial stenosis. Third, by analyzing the ancestral haplotype regions that are similar in strains with large intima and differ from strains with small intima, we were able to refine the Im1 and Im2 loci to 40 candidate genes. Fourth, by evaluating genetic variations between parental C3H/F and SJL strains within the QTLs, we identified sequence differences in six genes among the 40 candidate genes identified by haplotype mapping.
Understanding the pathophysiologic mechanisms that contribute to intima formation has been a long-lasting problem in vascular biology with significant relevance to clinical cardiovascular disease. 17 Carotid IMT is a complex trait that is likely controlled by a large number of environmental and genetic factors. Recent genetic analyses of intima hyperplasia in the abdominal aorta in response to balloon injury identified several QTLs in an intercross between BN and SHR rats. 5 Interestingly, the most significant intima hyperplasia QTL mapped to rat chr3, which is syntenic to mouse chr2. This finding suggests that genes underlying Im1 locus linked to flow-induced intima formation in mice may also control intima proliferation in response to balloon injury in rats.
Because low flow is associated with increased risk for atherosclerosis, there is a supposition that genes responsible for flow-induced vascular remodeling will overlap with genes that influence atherosclerosis. However, it should be noted that the QTLs for carotid atherosclerosis did not overlap with those for aortic lesions in a genetic cross between C3H and B6 strains on the ApoE Ϫ/Ϫ background. 6 There was also no association between carotid lesions and plasma lipids. The authors identified 1 significant QTL, named Cath1 (25 cM, LODϭ4.5) on chr12, and 4 suggestive QTLs on chromosomes 1, 5, 6, and 11. Notably, 1 suggestive QTL that controls aortic lesions overlaps with Im2 on chr11 linking intima formation to low flow (Figure 2 ). Thus our data are consistent with the concept that low flow may be a primary stimulus for both intima and atherosclerotic lesion formation. In keeping with this, a new model of flow-dependent remodeling using an extravascular cast showed a significant role for low flow in carotid lesion development and atherosclerosis progression in ApoE Ϫ/Ϫ mice. 18 The relevance of our genetic analysis is highlighted by the fact that both intima and intima/media ratio traits significantly correlated with stenosis ( Figure 4C and 4D) . Recently, the Lsq-1 locus on chr7 in mice was related to the vascular response to hindlimb ischemia, a finding that may have relevance for peripheral arterial disease. 19 Coincidentally, one of the suggestive intima QTLs (LODϭ1.5) in the present study also mapped to the distal part of chr7. The overlap of a flow-induced intima locus with a peripheral arterial disease locus suggests another clinically relevant phenotype that may involve the same genes, which contribute to the intima trait. Evaluations of site-specific vessel geometry, flow, and plaque volume have enabled accurate correlations between local shear stress and plaque progression in human coronary arteries. 9 Recent follow-up studies strongly suggested that atherosclerosis progression in minimally diseased coronary segments occurred almost exclusively in areas of low shear stress. 20 Thus, our low flow Im loci may provide insights into genes that control human atherosclerosis progression.
There are 2 genetic studies that evaluated carotid IMT in humans. A linkage analysis was conducted to localize QTLs influencing carotid IMT. 3 Significant linkage to IMT in the internal portion of the carotid was found on human chr12 (LODϭ3.4). Similar to animal models of atherosclerosis, O'Donnell et al reported subclinical atherosclerosis in multiple arterial beds in the Framingham Heart Study Offspring cohort recently. 21 The authors performed whole-genome association studies and found 11 SNPs that were associated with subclinical atherosclerosis with PϽ10 Ϫ5 . They identified candidate genes ABI2 for internal carotid IMT and PCSK2 for common carotid IMT, whereas modest associations were found for the previously reported candidate genes (NOS3 and ESRI).
Using an in silico approach we narrowed the Im loci to 6 genes (Dsn1, Src, Ctnnbl1, 2610036D13Rik, 2610304G08Rik, Spred2) from 40 candidates listed in the supplemental Tables  I and II . Among the 4 genes that are expressed proteins each of them could potentially affect intima formation: (1) Src, the Rous sarcoma oncogene is a known growth mediator 22 ; (2) Dsn1, the MIND kinetochore complex component is required for proper chromosome alignment and cell cycle progression 23 ; (3) Ctnnbl1, catenin (cadherin-associated protein) ␤like 1 protein is involved in cell apoptosis 24 ; and (4) Spred2, sprouty-related protein, belongs to a new protein family harboring a conserved N-terminal EVH1 domain, which is related to the VASP (vasodilator-stimulated phosphoprotein) EVH1 domain (Enabled/VASP homology 1 domain) and a C-terminal sprouty-related (SPR) domain, typical for the Drosophila sprouty proteins. 25 In Drosophila, sprouty inhibits signaling by fibroblast growth factor and epidermal growth factor by preventing phosphorylation of Raf kinase and blocking the MAP kinase pathway. 26 Future studies will be required to determine the specific roles of the candidate genes for the dramatic vascular phenotypes in SJL mice compared to other strains of mice. 12,13 ) . Intima (C) and Intima/Media Ratio (D) positively correlate with stenosis in the N2 progeny. Stenosis was calculated in N2 progeny as described. 10 Our study suggested several candidate genes for intima formation (based on sequence variation between parental strains) that will require multiple approaches to characterize their roles in intima formation. For example, genetic interactions among the causal genes within the Im loci with other genes involved in intima formation can be studied by evaluation of mRNA and protein expression profiles in carotids in response to low blood flow. Based on one published expression profile of flow-induced remodeling in rat mesenteric arteries, 27 we anticipate many changes in mRNA and protein expression. Specifically these authors found that alteration of flow in resistance arteries modified expression of Ϸ5% of genes by Ͼ2-fold.
In summary, this study for the first time identified several QTLs that link to intima formation in response to low blood flow. Intima formation in response to flow is a complex trait, likely regulated by multiple modifier genes. The present study has shown 3 genomic regions (and 6 candidate genes) that may regulate intima formation in response to low flow. These genes are candidates to play a role in many clinical settings including vascular injury, carotid atherosclerotic disease (IMT), and peripheral arterial disease. While the present in silico mapping approach is very powerful, future studies will be required to investigate these candidate genes and interactions within the Im loci in an integrative manner.
